Introduction
Barium titanate (BT) has been recognized as an invaluable ferroelectric material from the fundamental and technological points of view and has been intensely studied from both experimental 1)8) and theoretical perspectives. 9) 15) The unchanging importance of BT are indicated by the fact that BT-based materials are widely used for the application of multilayer ceramic capacitors. 16 ), 17) Point defects introduced by doping acceptors and/or donors are known to play an important role in the properties of electrical conductivity, ferroelectric polarization and ferroelastic strain. 18) 26) Among the transition metals that have been added to control the properties of BT, Mn is known as an effective dopant to yield a high insulation resistivity for the samples sintered at a low oxygen partial pressure (Po 2 ). Thermogravimetry and magnetic susceptibility measurements have revealed that Mn is positioned on the Ti site with the variable valence states from Mn 4+ , Mn 3+ , to Mn 2+ depending on Po 2 in a high-temperature equilibrium state. 22 ),27) Mn-doped BT has been subjected to intense study to elucidate the roles of Mn and of the resultant oxygen vacancies (V O ). 22 ),23),27)31) The effects of acceptor doping on resistance degradation have been reported for BT ceramics by Yoon et al. 28) In their study, the resistance degradation behaviors were compared between Mg-doped and Mn-doped BT ceramics. It has also been shown that not only [V O ] and but also electron/hole trapping by the valence change of Mn are important factors governing the resistance degradation behaviors. More recently, Yoo et al. 23 ),29)31) have studied the defect chemistry of Al-doped and Mn-doped BT ceramics both in a high-temperature equilibrium state and in a low-temperature quenched one. In the lowtemperature state, [V O ] determined at high temperatures are assumed to be frozen in and then quenched at low temperatures.
The valence states of Mn in the BT system have been elucidated in details by Hagemann et al. 22 ),27) Their magnetic susceptibility measurements show that the spin quantum number (S) for Mn-doped BaTiO 3 ceramics annealed at Po 2 = 0.2 atm was 1.7, which accords with the total magnetic moment of 4.2¯B (¯B denotes the Bohr magneton). This S value lies between S = 3/2 (Mn 4+ : 3¯B) and S = 2 (Mn 3+ : 4¯B) while the S at Po 2 ³10 ¹22 atm (strongly reduced condition) was around S = 5/2 (Mn 2+ : 5¯B). In addition, the concentration of oxygen vacancy ( Recently, density functional theory (DFT) calculations have been performed for Mn-doped BT to elucidate the role of Mn on the electronic structure and the thermodynamics of the formation of point defects.
14),15),32)35) Moriwake et al., have reported that the electronic configuration of the Mn-3d state is described as t 2g (occupied) in the valence band and e g (unoccupied) in the band gap 14) ,15) Gurgel et al., reported the local structures around Mn in BT using a small size of supercell (1 © 1 © 2). In such a small supercell, the interaction between the Mn-3d states in a periodic boundary condition cannot be neglected because of the formation of an itinerant Mn-3d band, which conceals the actual defect structures of Mn-doped BT. 34 ), 35) Although the details of the defect chemistry in the hightemperature equilibrium and in the low-temperature quenched state have been understood for BT 29 1 h ) and calcined at 1000°C for 10 h to obtain BT(Mn) powders. Powders obtained were then formed into cylindrical pellets by a uniaxial pressing followed by a cold isostatic one. To obtain a homogeneous distribution of Mn in the crystals, the grain size and the relative sintered density were controlled to be 50150¯m and be over 95% by optimizing the sintering condition (13001350°C, 1530 h).
To : one is aging time, i.e., the period from just after the quenching process to the point in time of the polarization measurements, and the other is aging temperature. In this study, the aging time and temperature were set to be 79 days and 25 « 5°C. The polarization hysteresis loops were measured at 25°C and 1 Hz.
The 
In the BT(Mn) system, the complete electroneutrality condition regarding all charged defects is expressed as follows [n and p are electron (eB) and hole (h • ) concentrations]:
The equilibrium equation of eB -h generation through the band gap can be written as:
This equilibrium equation leads to the intrinsic constant of K I (T) as
where N C (T) = 4.1 © 
and the mass-action constant of this reduction reaction (K Red ) is expressed by ¹9 atm 1/2 and ¦H Red = 6.1 eV are the temperature independent equilibrium constant and enthalpy, respectively. 45) The ionization reactions of Mn on the Ti 4+ site can be described by the generations of eB or h . The reactions formulated by using eB and h
• are exactly identical from the viewpoint of the defect chemistry. 36)43) Here, we use the formalism based on the h generation for expressing the ionization reactions of Mn because our ceramics were annealed at a relatively high Po 2 . In a reduction process, Mn is ionized negatively by producing h , and these reactions are expressed in terms of the following h generations:
where their respective mass-action constants and enthalpies are written by
where ¦H h1 = 1.87 eV and ¦H h2 = 1.28 eV denote the ionization enthalpies that are measured from the top of the valence band,
45)
The oxidation reactions are accompanied by the change in the valence states of Mn as Mn Ti 00 (Mn 2+ ) § Mn Ti 0 (Mn 3+ ) and
, which can be expressed as:
where their mass-action constants (K Ox and K Ox2 ) and enthalpies (¦H O1 and ¦H O2 ) are given by
Þ] are the temperature independent mass-action constants, and
are the enthalpies of their respective oxidation reactions. 45) 
Method of DFT calculations
The DFT calculations were performed with the local density approximation (LDA) 49) using a plane wave basis set as implemented in the Vienna ab-initio simulation package (VASP). 50) We used the projector-augmented wave potentials 51) 4 for O. The supercell approach was applied to investigate the electronic states of BT(Mn). A plane-wave cut-off energy of 520 eV was adopted, and electronic energy was converged to less than 10 ¹5 eV in all calculations. Structural optimizations were performed until the HellmannFeynman force on each atom was smaller than 0.1 eV/nm First, BaTiO 3 (BT) in space group P4mm was structurally optimized. The Monkhorst-Pack k-mesh of 4 © 4 © 4 centered at the ¥ point was used for the geometry optimization (lattice parameters and fractional coordinates). The lattice parameters of the optimized BT cell are a = 0.3939 nm and c = 0.4012 nm, which are smaller than the experimental data by ³1.5%. Although the use of the modified Perdew-Burke-Ernzerhof functional for bulk properties and surface energies (PBE-sol) 52) leads to the lattice parameters in good agreement with the experiments, we applied LDA to the calculations of BT(Mn) because of the better convergence for a correction for strongly correlated electrons.
Next, the supercell of 3 © 3 © 3 (Ba 27 Ti 27 O 81 ) was constructed using the optimized BT unit cell. One Ti atom in this supercell was replaced by one Mn atom in order to obtain the BT(Mn) supercell (Ba 27 Ti 26 MnO 81 ). For the geometry optimization of the supercell, a simplified local spin density approximation LSDA+U approach 53) was adopted as a correction for localized and strongly correlated electrons within on-site Coulomb terms of U J = 4 eV for Mn-3d and of UJ = 3 eV Ti-3d. The structural optimization of the supercell was performed at the ¥ point. The optimized structure is shown in Fig. 1 . The lattice parameters obtained are a = 1.1850 nm and c = 1.2064 nm. The parameter a is larger by ca. 0.8% than those of the original Ba 27 Ti 27 O 81 supercell before the structural optimization, while the difference in the parameter c is ca. 1.3%. It is noted that the BT(Mn) supercell maintains the similar tetragonal distortion (c/a) with BT and that this tetragonal distortion plays an important role in the stabilization of oxygen vacancy (V O ) adjacent of Mn. The total magnetic moment of the BT(Mn) supercell was 3.0¯B (¯B: Bohr magnetons), which agrees well with the magnetic susceptibility measurements. 22) Our DFT calculations show that the electronic state of Mn-3d is described roughly as t 2g 3 -e g 0 with the spin-up (majority-spin) configuration, which indicates that the average valence state of Mn corresponds to be +4. In the BT(Mn) supercell, the shorter bond length of TiO is 0.18930.1899 nm. The length of MnO1 is 0.1856 nm, which is shorter than that of MnO3 of 0.2031 nm. The length of MnO2 has an intermediate value of 0.1939 nm. This result clearly shows that Mn is displaced along the P s direction and that the off-centering of Mn is comparable to that of Ti in their respective oxygen octahedra.
In the next step, the calculations of V O -containing BT(Mn) supercells were conducted to investigate the energetically favorable site of V O . As described later in detail, for our BT(Mn) ceramics, Mn ) supercell, the total magnetic moment was confirmed to be 4.0¯B, which has been verified for BT(Mn) ceramics with a majority valence state of Mn 3+ (annealed in a relatively low-Po 2 condition). Figure 3 shows polarization hysteresis loops of BT(Mn: x = 0.3%) annealed under various Po 2 atmosphere. The polarization properties (Po 2 = 0.2 atm) [ Fig. 3(a) ] showed a typical (single) ferroelectric hysteresis loop (P-E single ) with a remanent polarization (P r ) of 16¯C/cm 2 and a coercive electric field (E c ) of 1.2 kV/cm. The decrease in Po 2 to Po 2 = 1.3 © 10 ¹8 atm yielded a pinched loop with a smaller P r of 4.2¯C/cm 2 [ Fig. 3(b) ]. It is interesting to note that a double-hysteresis-like loop (P-E double ) was observed for BT(Mn: x = 0.3%) annealed at a Po 2 lower than 2.8 © 10
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¹12 atm [Figs. 3(c) and 3(d)]. In particular, the annealing at Po 2 = 1.3 © 10 ¹19 atm led to an almost zero P r even though a high E of 30 kV/cm was applied to the samples. Figure 4 represents the polarization hysteresis loops of BT(Mn: x = 0.1%) and BT(Mn: x = 1%) annealed at an intermediate Po 2 of 2.8 © 10 ¹12 atm. BT(Mn: x = 0.1%) [ Fig. 4 (a)] exhibited a P-E single with P r = 17.0¯C/cm 2 and E c = 1.2 kV/cm while BT(Mn: x = 1%) [ Fig. 4(b) ] showed a P-E double . Here, the following characteristic fields of E c1 and E c2 are defined as represented in Fig. 4(b) : E c1 denotes the E at which P shows an abrupt increment with increasing E, and E c2 the E at which P is markedly diminished with decreasing E. Compared with the samples annealed at 2.8 © 10 ¹12 atm, the values of E c1 and E c2 rose as the Mn content (x) increased, as is seen in Figs ]. The higher values of E c1 and E c2 are found for a larger Mn content (x). It is worth noting that E c1 and E c2 exhibit a linear relation with an increase in [V O ] with the same Mn content (x). These results suggest that the P-E double observed are attributed not only to Mn content (x) but also to [V O ]. Figure 6 represents the polarization diagram showing the feature of the hysteresis loops, P-E single (blank symbol) or P-E double (filled symbol), in the Mn content (x) and the annealing Po 2 plot. A small Mn content (x) of 0.1% exhibited a P-E single while a large Mn content (x) of 1% showed a P-E double regardless of their Po 2 in the annealing process. It is worth noting that the polarization loop with the Mn content (x) of 0.3% changed from the P-E single to the P-E double with decreasing Po 2 . Figure 7 indicates the polarization diagram with the total Mn concentration [Mn] as the x-axis and the [V O ] as the y-axis. It is apparent that the polarization properties are determined not only can be explained by the stabilization of the Mn-3d electrons. As mentioned before, Mn 4+ (the d 3 electronic configuration) in the BT(Mn) cell is roughly regarded to have the t 2g states (occupied) inside the valence band and the e g states (unoccupied) just below the conduction band minimum, as depicted in Fig. 8(d) . resides away from the MnO 6 octahedron, e.g., the V O5 cell [ Fig. 8(b) ], the degeneracy of the Mn-3d states of t 2g and e g is broken due to the effect similar to the JahnTeller distortion. Figure 8 , as shown in Fig. 8(c) . In the MnO 5 pyramid, the d orbitals containing the z component are largely stabilized due to the lack of the electronic repulsive force from one of the apical oxygen, which markedly lowers the d z 2 state [ Fig. 8(f ) Here, we discuss the structural reason why the V O1 cell has the lowest E total in the V O -BT(Mn 3+ ) cells. It is reasonable to consider the structural change from the original BT(Mn) cell (Fig. 1) to the V O -BT(Mn 3+ ) cells. In the V O1 cell [ Fig. 2(a) ], the directions of the off-centerings of the Ti atoms are all aligned along the [001] direction, which is the same as that of P s . In addition, the displacement of Ti1 is enhanced by the presence of V O1 , which can be explained by the recovery of the bond valence of Ti1 with the neighboring O atoms. Note that the V O2 and V O3 cells have peculiar off-centerings of Ti2 and Ti3, respectively. In the V O2 cell, the Ti2 atom is displaced normal to the c-axis due to the loss of the bonding with O2. In the V O3 cell, the Ti3 atom has the opposite off-center position to the c-axis and the displacements of the other Ti atoms are significantly suppressed [ Fig. 2(c) ]. It is clearly seen that the structural changes by the generations of V O on the O2 and O3 sites are larger than that on the O1 site.
It is interesting to note that the defect dipole (P defect ) composed of the positively-charged V O and the negatively-charged Mn Ti
) has a different orientation in the V O1 , V O2 and V O3 cells, as represented in Fig. 9 . Our DFT calculations clearly show that the P defect orientation aligned parallel to the P s vector (+P defect // +P s ) provides the lowest energy of the defect structure. The V O1 cell has the +P defect // +P s configuration. In the V O2 cell, the P defect is normal to the P s vector (P defect ¦ P s ) and this P defect orientation increases E total by 0.121 eV. The P defect orientation antiparallel to the P s vector (P defect // +P s ) in the V O3 cell yields a higher E total . This calculation results suggest that P defect strongly interacts with P s in a ferroelectric state. Since V O has a certain degree of mobility even at room temperature, V O hops to its nearest-neighbor O site to attain the energetically favorable defect structure of the V O1 cell, which agrees well with the results reported in Refs. 55) 57) The V O1 cell is established by the nearestneighbor V O hopping once for the V O2 cell and twice for the V O3 one.
Interaction between P defect and P s
As shown in Fig. 7 , the P-E double is found in the region with high concentrations of both V O and Mn, which suggests that the P defect composed of V O and Mn Ti 0 plays an important role in the polarization properties. Figure 10 depicts the schematic representations of the interaction between the P defect and P s in each stage during cooling from above Curie temperature (T C and Mn Ti 0 (Mn 3+ ) is effective also in cubic symmetry above a T C of ca. 90125°C observed for BT(Mn) ceramics. 22) First, the distribution of the P defect in the cubic state just above T C is discussed. After a certain period of time has passed at this temperature and the rearrangement of V O has been completed, 
V O
is statistically positioned on the O sites around Mn Ti 0 due to their attractive interaction, which is verified by our DFT calculations. In this stage, the P defect is aligned along the a-axis and can be regarded to have a random distribution [ Fig. 10(a) ]. When BT(Mn) is cooled down below T C , a cubic (Pm " 3m)-tetragonal (P4mm) phase transition occurs and then a ferroelectric domain is constructed inside the crystal. Figure 10 (b) depicts a schematic 90°domain structure in the ferroelectric P4mm state. Just after the phase transition, e.g., within several seconds, the distribution of the P defect in the cubic state [ Fig. 10(a) ] is frozen in the ferroelectric state [ Fig. 10(b) ]. In this frozen-in state of the P defect , the probability of the P defect orientations in the V O1 , V O2 , and V O3 cells [see Fig. 8 ] are assumed to have the ideal 1:4:1, which is the same as that in the cubic state.
As the aging proceeds, the direction of the P defect is reoriented to achieve a more stable defect structure by the hopping of V O around Mn
3+
. It is interesting to note that the directions of, e.g., P defect (1), P defect (2) and P defect (3) change before [ Fig. 10(b) ] and after [ Fig. 10(c) ] the aging. In the stage before the aging, P defect (1) and P defect (2) constitute the defect structure of P defect ¦ P s while P defect (3) is aligned opposite to the P s vector (P defect // +P s ). After the aging [ Fig. 10(c) ], the low-energy defect structure (+P defect // +P s ) is attained by the V O hopping. In all of the domains, the probability of +P defect // +P s becomes much higher than those of P defect ¦ P s and P defect // +P s , and then the domain structure introduced in the crystal just after the phase transition is stabilized. Namely this domain structure [ Fig. 10(c) ] becomes the ground state as a result of the interaction between the P defect and P s . In this stage, the crystal has a net polarization (P r ) of ca. 0¯C/cm 2 due to a ferroelectric domain structure with 90°and 180°domain walls (Here, we ignore the role of 180°domains due to their minor role in P-E double ). The ground-state domain structure is attributed to the energy gain by the reorientation of the P defect so that the +P defect // +P s configuration is attained by the V O hopping.
Origin of the double-hysteresis-like loop (P-E double )
We discuss the influence of E on the ground-state domain structure which is stabilized by the +P defect // +P s configuration in the following simple assumption: an E is applied along the ©001ª direction, as depicted in Fig. 11(a) . As can be seen in Figs. 3 and 4 , E c1 for the P-E double is much higher than E c for the P-E single . In addition, E c1 and E c2 rise with increasing Mn content (x). These experimental results of E c1 and E c2 can be explained by taking the stabilization degree of the ground-state domain structure by the +P defect // +P s configuration into account.
In the case that the effect of the P defect is less significant, e.g., as shown in Fig. 4(a) , the P-E single is found and the polarization state is switched by applying an E above its E c . In contrast, for the samples showing the P-E double , the polarization switching is dominated by the P defect effect. In the E < E c1 region when increasing E, the stabilization of the 90°domain structure by the +P defect // +P s configuration is dominant over the influence of E and then the ground-state domain structure remains unchanged (only a small P is induced due to the averaged dielectric permittivity). In the E > E c1 region, the E application overcomes the 90°domain stabilization by the +P defect // +P s configuration and a single-domain state is established [ Fig. 11(b) ]. In our experimental condition at a measurement frequency of 1 Hz, the P defect configuration can be regarded to be unchanged because the time exposed to E > E c1 is assumed to be shorter than that required for the V O hopping. When the E is decreased below E < E c2 , the stabilization of the 90°domain structure goes beyond the E application, and therefore the ground-state domain structure is rejuvenated [ Fig. 11(a) ], which results in an abrupt decrease in P. The degree of the stabilization by the +P defect // +P s configuration is roughly proportional to the concentration of the P defect , i.e., the V O Mn Ti 0 defect dipole, which is experimentally supported by the results shown in Figs. 5 and 7. It is concluded that the P-E double observed for the BT(Mn) ceramics with high concentrations of V O and Mn Ti 0 originates from the reversible switching of a 90°domain structure stabilized by the V O Mn 3+ // P s configuration.
Conclusion
Effects of defect structures on polarization hysteresis properties have been investigated for Mn-doped BaTiO 3 ] (the majority acceptor). Our DFT calculations show that the association of V O with Mn Ti 0 (Mn 3+ ) and the following alignment of the defect dipole (V O Mn 3+ ) along the P s direction provide an energetically favorable defect structure due to the lowering in energy of the Mn-3d z 2 electron. These experimental and DFT calculations results lead to the conclusion that the double-hysteresis-like loop (P-E double ) observed for the ceramics with high concentrations of V O and Mn 3+ originates from the reversible switching of a 90°domain Fig. 11 . Reversible switching between (a) the ground-state domain structure and (b) a single-domain state by applying an E. The ground-state 90°domain structure is stabilized by the formation of the V O Mn 3+ // P s configuration. With increasing E, the 90°domain structure remains unchanged at E < E c1 , and a single domain state is established when an E exceeds E c2 . With decreasing E, the 90°domain structure is rejuvenated at E < E c2 . structure stabilized by the formation of the V O Mn 3+ // P s configuration.
